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Abstract
Selective removal of heavy metals from water is a complex topic. We present a theoretical-
computational approach, supported by experimental evidences, to design a functionalised
nanomaterial able to selectively capture metallic ions from water within a self-assembling
process. A theoretical model is used to map an experimental mixture of Ag nanoparticles
(AgNPs) and either Co2+ or Ni2+ onto an additive highly asymmetric attractive Lennard-
Jones binary mixture. Extensive NVT (constant number of particles, volume and temper-
ature) Monte Carlo simulations are performed to desume the set of parameters that first
induce aggregation amongst the two species in solution, and then affect the morphology of
the aggregates. The computational predictions are thus compared to the experimental re-
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sults. The gathered insights can be used as guidelines for the prediction of an optimal design
of a new generation of selective nanoparticles to be used for metallic ion adsorption hence
for maximising the trapping of ions in an aqueous solution.
Keywords Nanoparticles, Ion Adsorption, Driven Self-Assembly, Transition Metal, Metal-
lic Ions, Monte Carlo Simulations, Theoretical Predictions
Introduction
The ability to isolate and recognise heavy metal ions in water is becoming a very active
field of study and research due to the impact the heavy metals have on the environment and
health.1–4 To tackle this issue nanotechnologies are starting to play a key role in designing
and developing tunable systems able to selectively sense the presence of such pollutants.5–18
Silver nanoparticles (AgNPs) coated with thiols have been proven to be a very effective
tool for detection and removal of heavy metals in aqueous solutions.19–21 Their ability to se-
lectively interact and induce nucleation of the latter, has been recently shown22,23 in the case
in which colloidal AgNPs, functionalised with 3-mercapto-1-propanesulfonic acid sodium salt
(3-MPS), are dispersed in aqueous solutions containing either Co2+ or Ni2+ ions. In partic-
ular, the well dispersed AgNPs, tend to aggregate when Co2+ or Ni2+ ions are present in
solution giving rise to a complex clustering process. The average diameter of the nanopar-
ticles has been measured by means of a Dynamic Light Scattering characterisation, and a
TEM analysis of the AgNPs, both in presence and in absence of the metallic ions. AgNPs
without contaminant have a diameter of 8.5 nm. Conversely, the average size measured in
solutions of AgNps and either Co2+ or Ni2+ is of several tens of nanometers, indicating that
the nanoparticles undergo a clustering process upon adsorption of these ions.22 However, the
self-assembly scenario of the binary mixtures is quite different for the two heavy metal ions:
notwithstanding having almost the same ionic radius and same valence, Co2+ induces the
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nucleation of almost packed micelles of AgNPs while in the exact same conditions (concen-
tration, temperature, pH) Ni2+ induces the aggregation of branched structures as shown in
Figure 1.22
(a) (b)
(c) (d)
Figure 1: Self-assembled structures from TEM (Trasmission Electron Microscope). Top
panels show self-assembled structures of the AgNPs/Co2+ nanocomposite where 1 ppm of
Co2+ has been dispersed in solution. Bottom panels show self-assembled structures of the
AgNPs/Ni2+ nanocomposite at the same ion concentration.
It is noteworthy that all AgNPs, whose morphologies are reported in Figure 1, have
a constant thiol grafting density. Such nanoparticles have been already object of several
experimental characterisations used to assess the nanoparticles size, their monodispersity,
and the consistency in the grafting density.22 Throughout this paper, the thiol coating
of the nanoparticles used as a reference, remains constant for all considered nanoparticles
and unchanged throughout all performed experiments. The theoretical predictions that
will be presented in the following parts of this paper will serve to assess how the different
and competing effects in the system (particle size, effective interaction between the diverse
species) affect the self-assembling properties of the mixtures of AgNPs and heavy metals.
Such an understanding promise to design, for different ions, nanoparticles with optimal
adsorption properties.
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In order to do this, we decided to perform an extensive computational analysis simplifying
the system by coarse graining all of the details, while retaining a reduced set of informa-
tions relevant to reproduce the general characteristics leading to the peculiar self-assembling
properties shown experimentally. To start with, both ions and colloids are represented as
spherical particles interacting through an isotropic potential. Solvent-particles interaction
are considered to be implicit: the solvent is replaced by an effective pairwise attraction
between the two colloidal species. In particular we will make use of the implicit Lennard-
Jones (LJ) model where the solvent is replaced by a pairwise additive LJ interaction between
nanoparticles. A stronger interaction between the diverse nanoparticle species, corresponds
to an increase in the well depth in the LJ interaction.
To mimic the effect of the intrinsic nature of each metallic ion (e.g. electronic structure,
hydration properties) while interacting with the AgNPs in solution, we explored different
size ratios and different interaction strengths between ions and nanoparticles on the self
assembly scenario. Ions in solution do interact with the nanoparticles by means of an effective
interaction that is screened by the presence of the solvent that, in the experimental case
investigated, is water. Co2+ and Ni2+ are transition metal ions having almost identical ionic
radius,24 but different hydration radius.25 In a simplified picture, the different hydration
shells lead to a difference in both effective size and in the effective attraction strength that
the ions feel when interacting with the coated AgNPs.
Methods
Aim of this work is to map the experimental systems considered in ref.22 into a theoretical
model that allows to separately investigate the effects of a manifold of parameters on the
aggregation process. We decided to map the complex experimental nanoparticles into a sim-
plified description that allows to investigate separately the effect of the effective interaction,
and the effect of a diverse size ratio between AgNPs and ions. For these reasons all systems
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are represented as additive asymmetric LJ binary mixtures made of particles of diameter
σ(i,n) (where i indicates the metallic ions, and n indicates the nanoparticles) interacting by
means of a total potential made of a repulsive term v0 and an attractive term λ(i,n)vatt(r)
that will be used to tune the interaction between the ions i and the colloidal nanoparticles
n.
v(r, λ) = v0(r) + λ(i,n)vatt(r), (1)
where:
v0(r) =

4
[(σ(i,n)
r
)12 − (σ(i,n)
r
)6
+ 1
4
]
for r ≤ 21/6σ(i,n)
0 for r > 21/6σ(i,n)
(2)
and
vatt(r) =

− for r ≤ 21/6σ(i,n)
4
[(σ(i,n)
r
)12 − (σ(i,n)
r
)6]
for r > 21/6σ(i,n)
(3)
The attractive interaction between the two species, λ(i,n) is a symmetrical 2 × 2 matrix of
the kind:
λ(i,n) =
λj,j λj,k
λk,j λk,k
 (4)
where j, k ∈ (i, n). In the following, the interaction between identical species will be con-
sidered as repulsive λ(i,i) = λ(n,n) = 0, while the diagonal terms λ(i,n) = λ(n,i) indicate the
interaction between ions and nanoparticles.
The role of λ is to control the strength of the attraction between the nanoparticles; for
λ = 0 we recover the full, generalised Lennard-Jones potential.26 The main quantities that
we will use to characterise the system are: the ratio q = Rn/ri between the radius Rn = σn/2
of the nanoparticles and that ri = σi/2 of the ions; the total volume fraction of the system
φ = 4
3
pi(nir
3
i + NnR
3
n)/V , e.g. the ratio between the volume occupied by both ions and
nanoparticles and the total available volume, ni and Nn being the total number of ions and
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nanoparticles respectively. The third quantity that we will focus on, is the parameter that
tunes the cross attractive interaction λ(i,n) between ions and nanoparticles. Finally we have
analysed the effect due to an increase in the number ni of ions for fixed (q, φ, λ(i,n)) on the
self-assembling properties of the system.
Experimentally all of the ion-nanoparticle binary mixtures present a size ratio of the
order of q ∼ 10, the silver nanoparticles being of Rn ∼ 1.2 nm while rNi2+∼Co2+ ∼ 0.1 nm.
Upon increasing density of ions in solution, the binary mixtures undergo a self-assembly
path that produces very different aggregates for the two systems containing one or another
metallic ion.22 As it is well known, the red shift and the broadening of the plasmonic bands
in the UV visible spectra are indicative of both aggregation process and polydispersity of the
metal nanoparticles.27–29 In this case, the shifts and the broadening of the plasmonic bands
are a function of the percentage of ions in solution, allowing to extrapolate the dependence
of the average growth rate of the aggregates on the chemical nature of the nanocomposites.30
The mean size of the elongated clusters that spontaneously self-assemble in the Ni2+/AgNPs
mixtures, grows with a much steeper slope with respect to the almost spherical-like aggre-
gates self-assembled by the Co2+/AgNPs mixtures, see Figure 2. Such a phenomenon seems
to indicate that non spherical aggregates are more keen to grow when the concentration of
ions in solution is increased.
To assess what are the key parameters that influence the final outcome of the clustering
process, e.g. cluster size and conformation, ion adsorption and distribution in the aggregates,
density dependence of the whole clustering process, simulations in the NVT ensemble have
been performed for systems with Nn = 300 nanoparticles, and ni = 600, 900, 1200 and 1500
ions, focusing on the aggregation properties of binary mixtures for a fixed sets of values of
φ, for two different values of λ(i,n) = (3, 5) and two very different values of the size ratio
q = (5, 10).
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Figure 2: Shift ∆λ, and broadening ∆FWMH of the plasmonic bands as a function of
increasing density of ions for solutions of AgNPs nanoparticles in the presence of Co2+
(black circles) and Ni2+ (red squares). The dashed line is a guide to the eye.
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Results
The analysis of the single cluster properties, namely the dependence of the mean aggregation
number, distribution of ions and colloids within the aggregates, end shape on equilibration
time, as a function of (q, φ, λ(i,n)), ni) highlights how the choice of the different parameters
drives the self-assembly process in the phase space. All system studied self-assemble into
aggregates made of a mixture of ions and nanoparticles.
The average number of colloids belonging to each cluster (mean aggregation number) is
shown in Figure 3 for the four (q, λ) combinations, four different values of the number of ions
per fixed volume fraction, and for a set of five distinct volume fractions φ ∈ [0.01, 0.1]. In all
of the four panels ni increases along the x-axis as a multiple of the number of nanoparticles,
and φ grows along the y axis.
The parameter q clearly influences the mean aggregation number for both species, as
shown in Figure 3 panels (a)-(b) for q = 5 and λ = 3 and 5 respectively, and (c)-(d) for
q = 10 and λ = 3 and 5. For fixed ionic size, smaller nanoparticles (q = 5) are lead to
the formation of clusters with a higher mean aggregation number as compared to bigger
nanoparticles (q = 10). Moreover clusters assembled for q = 5 adsorb more ions per cluster
than the ones with q = 10 (resulting in a higher mean aggregation number of ions per cluster,
not shown here).
A change in λ has an evident effect on the internal structure of the clusters as well as on
the equilibration of the latter. A stronger attraction (λ = 5) favours the clustering of the
nanoparticles, and ions form quite “rapidly” (fewer of MC steps) a well defined core within
the clusters leading to a lower mean aggregation number (there are no exposed ions that
let the aggregation process to continue). Conversely a weaker cross-interaction (λ = 3) is
not able to induce a complete segregation, leaving clustered ions exposed to the solvent thus
favouring the aggregation of more and more nanoparticles.
To better understand the inner structure of the clusters, we quantify the segregation of
the ions within the clusters. We thus introduce the parameter s as the average distance
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between the centre of mass of the ions and that of the nanoparticles, renormalised by the
average size of the clusters:
s =
∑
rn
rnP (rn)−
∑
ri
riP (ri)∑
Rg
RgP (Rg)
, (5)
where P (x) is the normalised probability density distribution of x averaged over equilibrium
configurations, and Rcg =
√
1
Ncn
∑Ncn
i=1(r
c
i − rccm)2 is the nanoparticles radius of gyration of the
c-th cluster estimated as the average distance of the nanoparticles from the centre of mass.
The s >> 0 limit indicates an inclusion of the ions in an aggregate whose outer shell is
made of nanoparticles. A negative value of s would mean a strong exposure of the ions. s ' 0
is for systems that have an even distribution of ions and nanoparticles in the aggregates.
Weak λ interactions lead to an almost even distribution of ions in the clusters (lower
values of s), thus leaving ions exposed to the solvent- see panels (a), (c) and (e) of Figure 4.
In such a case clusters can keep growing till the excluded volume of the nanoparticles arrests
the aggregation process.
On the other hand, the stronger the cross-interaction, the more ions and nanoparticles
are segregated - see panels (d) and (f) of Figure 4. A bigger λ leads to a higher value of
s favouring the complete adsorption of the ions in the aggregates - panel (b). The steric
repulsion between the bigger nanoparticles will then arrest more rapidly the aggregation
process.
The present computational analysis aims at highlighting how to design the optimal
nanoparticles able to selectively capture and retain ions in solution; optimal ion removal
systems are those able to separate ions from the capturing agents (nanoparticles) while
insulating them from the solution.
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Figure 3: Mean nanoparticles aggregation number for q = 5, λ = 3 (a), q = 5, λ = 5 (b),
q = 10, λ = 3 (c) and q = 10, λ = 5 (d). Each map is obtained as a spline interpolation of
the 20 analysed cases.
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Figure 4: Two typical conformations of clusters presenting ions on the outside - panel (a) -
and clusters that are able to adsorbe completely ions and insulate them from the solution
- panel (b). The measure of the segregation parameter s for q = 5, λ = 3 (c), q = 5, λ = 5
(d), q = 10, λ = 3 (e), and q = 10, λ = 5 (f). The values of ni along the horizontal axis are
indicated as a multiple of the number of nanoparticles. Each map is obtained as a spline
interpolation of the 20 analysed cases.
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Discussion
It is interesting to highlight that systems in which the separation between ions and colloids in
the aggregates is weekly defined, are those presenting a longer (more MC steps) equilibration
time. Such nanocomposites remain for a long time trapped in metastable configurations
characterised by elongated stripes - as shown in Figure 5 where the equilibrating region of
the energy of a system is shown with its jumps and for each jump a typical conformation of
the aggregate is presented.
By comparing computational and experimental results, we can make a few hypotheses on
what are the key parameters influencing the two different aggregation paths seen in Figure 1.
The hydrated radii of the two ions only differ for about 20%. Such a distinction does not
seem enough to justify the different clustering paths observed experimentally for the two
binary mixtures, because the computer simulations suggest also that doubling the size ratio
from q = 5 up to q = 10 does not reproduce such a difference in the aggregation scenario.
On the other hand, a slight change in λ drives the self assembly onto two quite different
paths: one leading to the formation of aggregates where ions and nanoparticles are quite
evenly dispersed within the clusters, and another that shows a strong separation between
ions and nanoparticles. Since Co2+ and Ni2+ ions are at closely related positions in the
transition metal series, they lead to a similar behaviour of the two ions in aqueous solution.31
Both Ni and Co exist as divalent hexahydrated ions in dilute aqueous solution, but the
different electronic structure renders the rate of water exchange on Ni2+ lower than that of
Co2+.32 This likely seems to lead to the different capability of the two ions to interact with
the AgNPs in aqueous solution because the ions are coordinated to AgNPs by the cross-
interaction mediated by the water molecules. The different water exchange rate appears to
be responsible for the induction of a stronger effective interaction between AgNPs and Ni2+.
It is experimentally shown, Figure 2, that upon augmenting density of ions in solution,
the mixtures of AgNPs and Ni2+ form bigger and more polydisperse clusters with respect to
mixtures of AgNPs and Co2+. The computational analysis performed in this work highlights
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that the main parameter leading to different assembly behaviours in the binary mixtures
is the effective interaction between the two colloidal species analysed. In fact doubling the
radius of the smaller nanoparticles (q = 5) induces the assembly of slightly bigger clusters
with respect to q = 10 (panels (a) and (c) of Figure 3), while a 60% change in the effective
interaction has much more evident effect on the clustering process (panels (b) and (d) of
Figure 3). The case of stronger effective interaction also leads to more defined clusters
quantified by a bigger segregation parameter s (panels (d) and (f) of Figure 4) while a
difference in size ratio has a very weak effect on the way ions are adsorbed within the
aggregates (panels (c) and (e) of Figure 4). More defined clusters tend not to grow much
when the number of ions in solution is increased (panels (b) and (d) of Figure 3), similarly
to what happens to the case of clusters formed by the mixture AgNPs and Co2+ whose
mean aggregation number is seen to grow less dramatically than the ones formed by AgNPs
and Ni2+ (see left panel of Figure 2). Less defined clusters (panels (a) and (c) of Figure 3)
experience a strong effect in the mean aggregation number when the amount of ions in
solution is increased, similarly to what happens to the experimentally quantified mixtures
of AgNPs and Ni2+ (left panel of Figure 2).
Conclusions
In conclusion, in aqueous solution, AgNPs/Co2+ and AgNPs/Ni2+ binary mixture have been
shown to self-assemble into aggregates that - experimentally - are either almost packed or
branched. Exploiting MC simulations, this work relates the hydration of the ions to an effec-
tive interaction potential between ions and nanoparticles. By analysing separately the effect
of the effective size ratio due to the hydration process, and a stronger or weaker interaction
potential between the two components, the simulations show that internal structure of the
aggregates is dominated by the crossed ion/nanoparticle interaction. While a large differ-
ence in the size ratio between ions and nanoparticles does not strongly influence the internal
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Figure 5: Subset of the equilibration energy showing the change in shape of the aggregates
corresponding to equilibration jumps. Each MC step is made of 106 MC moves
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structure of the aggregates, a change in the crossed interaction drives the self-assembly pro-
cess onto two completely different paths. Branched clusters are formed by binary mixtures
where the crossed interactions are weak, so that ions remain on the surface of the clusters
and do not get completely adsorbed by the nanoparticles. As a result these systems remain
trapped in metastable states made of elongated clusters that, at equilibrium, will reach a
micellar like structure. Conversely a stronger interaction between ions and nanoparticles
favours the segregation of the two components, hence rendering the nanoparticle a optimal
ion adsorbers. As a concluding remark, functionalised AgNPs appear to be a quite promising
way to perform a two-step filtration of metallic ions in solution: the tunability of the adsorp-
tion process by means of the two parameters (q, λ) allows to design and realise particles able
to cluster into aggregates of predictable size, that at the same time are able to completely
adsorbe and insulate ions from the solution. While q can be easily tuned via the NP size,
the λ parameter can be as well controlled by the grafting density of thiols onto the AgNPs.
We presented a simple and effective theoretical model supported by experimental data, ex-
plaining and predicting the main AgNPs parameters that determine selective adsorption of
Ni2+ and Co2+ ions in water.
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